Kelp farming is increasing along the temperate coastlines of the Americas and Europe. The economic, ecological, and social frameworks surrounding kelp farming in these new areas are in contrast with the conditions of progenitor kelp farming regions in China, Japan, and Korea.
in Asia has been mostly contingent on price and taste (Chapman et al., 2015) . In contrast, kelp of European and American origin is considered a specialty product. It is typically selected for its nutritional value and ecological and ethical farming practices (Chapman et al., 2015) . Consequently, kelp produced in the Americas and Europe sells for an average of US$ 944 t −1 wet weight (Food and Agriculture Organization (FAO), 2016), whereas in Korea it sells for ca. US$ 177 t −1 (Food and Agriculture Organization (FAO), 2017). As such, the sustainability of American and European kelp farming is crucial to its viability. Established aquaculture industries (e.g., tilapia, carp, and shrimp) have undergone similar evaluations which resulted in Best Management Practices (BMPs) and guidelines to increase the industry sustainability (Azad et al., 2009; Fletcher, 2012; Lebel et al., 2002; Mungkung et al., 2013) .
The Ecosystem Approach to Aquaculture (EAA) is a widely-adopted framework for evaluating aquaculture practices. It was developed by aquaculture experts at the FAO using observations of well-established industries farming aquatic animals. Three strategic principles define the EAA guidance (Food and Agriculture Organization (FAO), 2010): 1) "Aquaculture development and management should take account of the full range of ecosystem functions and services, and should not threaten the sustained delivery of these to society." 2) "Aquaculture should improve human well-being and equity for all relevant stakeholders." 3) "Aquaculture should be developed in the context of other sectors, policies, and goals."
In addition to functioning as a stand-alone strategy, the EAA principles contributed to many of the Sustainable Development Goals and Targets set by the United Nations in 2015 (Hambrey, 2017) and have helped to steer the aquaculture sector to more sustainable and holistic practices (Brugre et al., 2018) . However, the resonance of the approach has not been uniform across all user groups (Brugre et al., 2018) . Thus, the present study sought to explore the appropriateness and the value of the EAA for the incipient kelp aquaculture subsector outside Asia. The FAO literature on the EAA was assessed for its relevance to small-scale kelp aquaculture. Then, the EAA strategy and principles were used to recommend practices that can be adopted to promote the long-term sustainability of the kelp industry.
Methods

Site description
Maine, USA, was used as a case study to explore the pertinence of the EAA to the new kelp aquaculture industry. Aquaculture has generally been supported by Maine's economy and culture historically centered around fishing, shipbuilding, forestry, agriculture, extractive industries, manufacturing, and tourism (Maine State Planning Office (MSOP) and Rose, 2003) . The region's protected coastline and water temperature ranging from 0.5 to 17.5C (NOAA, 2018a (NOAA, , 2018b are particularly well-suited for kelp aquaculture. In 2010, the first kelp farm in the United States was started in Casco Bay, Maine. The farmers used techniques originating from Asia, which were adapted and further developed in conjunction with Dr. Yarish and Dr. Kim at the University of Connecticut (Flavin et al., 2013) . In the decade since many small kelp farms have been established along the Maine's 5500 km of rocky coastline. State-wide harvest data depict a 3-fold increase in the production of farmed marine seaweeds from 2015 to 2018 (Maine Department of Marine Resources (DMR), 2018). In 2018, sixteen entities collectively reported harvest of 24.2 wet tonnes of farmed marine algae from Maine, the majority of which was kelp (Maine Department of Marine Resources (DMR), 2018).
The sugar kelp Saccharina latissima and the winged kelp Alaria esculenta are the most extensively farmed kelp species in Maine and in the United States (Augyte et al., 2017; Kim et al., 2015 Kim et al., , 2017 Rose et al., 2015) . Both species are members of the Phaeophyceae class, commonly referred to as brown algae. S. latissima and A. esculenta are abundant throughout much of the artic and along temperate coasts between the 16C summer isotherm and the 19-20C isotherms, respectively (Breeman 1988; Lning, 1990 ). S. latissima and A. esculenta exhibit rapid growth from early winter to late spring, reaching 2 to 5 m within approximately six months (Azevedo et al., 2016; Handå et al., 2013; Redmond et al., 2014) .
Cultivation of S. latissima and A. esculenta is based around the species' lifecycle which includes a heteromorphic alternation of generations between a microscopic gametophyte and a "frond-like" sporophyte (Schreiber, 1930) . The latter is targeted for grow-out. There are multiple ways of seeding sporophytes for grow-out, but they all begin at least once by collecting sorus, or reproductive tissue, from mature diploid sporophytes. Spore release from the sorus is achieved using desiccation and warming (Flavin et al., 2013) . The released zoospores then mature as microscopic, filamentous gametophytes (Graham et al., 2016) . In more advanced nurseries, these gametophytes are sorted by sex, and then either held indefinitely, crossed to produce specific strains, or cloned before being blended to produce juvenile sporophytes (Flavin et al., 2013; Redmond et al., 2014) . Otherwise, the gametophytes can be applied to a thin seed line with spray-seeding or settling techniques (Flavin et al., 2013; Redmond et al., 2014) . Following application to a substrate, the gametophytes become fertile. Mature eggs release a pheromone that causes the antheridium to break apart and directs sperm to an egg for fertilization (Graham et al., 2016) . Then zygotes grow in place of the female gametophyte to form juvenile sporophytes (Flavin et al., 2013; Graham et al., 2016) . The young sporophytes are raised on land in aquaria with artificial nutrients and light until the sporophytes are 2 to 10 mm in length (Flavin et al., 2013; Redmond et al., 2014) .
In the grow-out phase, the juvenile sporophytes are transferred from the aquaria to longlines in the ocean. There they will continue to grow Fig. 1 . Longline kelp aquaculture as commonly practiced in Maine: 122 m longline as seen from above (A) and the side (B). G.S. Grebe, et al. Aquaculture Reports 15 (2019) 100215 using natural light and available nutrients in the water column. The most common deployments in Maine consist of 1 to 1.25 cm sinking rope, called a longline, anchored with moorings and chain ( Fig. 1) .
Longlines are typically 122 m, but some variation occurs. Intermediate floats and spacers with counter-weights are used to maintain the longline 2 to 2.5 m below the water surface. Suspending the longline at this depth ensures that the kelp receives adequate light to grow while also protecting it from wave action and boat travel.
In the Northwest Atlantic, the grow-out cycle for S. latissima and A. esculenta spans roughly September through May. Sometimes, the late availability of reproductive tissue from wild kelp beds has delayed the seeding of individual farms into October or November. Laboratory techniques to induce sorus tissue from vegetative sporophytes could prevent delayed farm deployment, but this is not yet commercial practice in Maine. In this region, most kelp farms are harvested once in late April or May to maximize total farm biomass and minimize fouling (e.g., snails, tunicates, hydroids, bryozoans, and amphipods). Harvesting practices vary according to the end-use of the kelp.
All kelp aquaculture sites in the State must be approved by the Maine Department of Marine Resources (DMR). Under guidelines set by the Maine Legislative Branch, the DMR has the authority to issue three types of aquaculture agreements: Limited Purpose Aquaculture Licenses (LPAs), Experimental Leases, and Standard Leases (Maine Legislature, 2017a Legislature, , 2017b . The Maine DMR (2019a) provides the following guidance regarding each agreement:
• LPAs are typically 122 square meters. They are the easiest to acquire and can be issued by permit. LPAs are licenses, not leases, which are valid for one year. They can be renewed but are not transferrable. An individual is allowed to apply for a maximum of 4 LPAs per year but can supervise up to 12. As with any license, the State reserves the right to revoke issuance or decline renewal of the license should the holder fail to comply with all requirements.
• Experimental leases can encompass up to 1.6 ha. They are valid for three years and the lease cannot be renewed unless they are used for scientific research. A site visit by the Maine DMR's environmental scientists is necessary to approve the lease. An adjudicated hearing is required if the DMR receives 3 or more letters from interveners.
• Standard leases can be up to 40 ha. The application process is stringent and includes an adjudicated hearing. Standard leases are valid for 20 years, renewable, and transferable as long as they are active and in compliance with all existing regulations. Applicants for standard leases must attend a pre-application meeting and share a draft application with the DMR. A public scoping session must also be held with the host municipality before submitting a final lease application for review. Applicants for a standard lease are required to obtain a permit from the U.S. Army Corps of Engineers (USACE). They must also alert the United States Coast Guard to ensure that the The DMR review criteria for both aquaculture LPAs and leases include consideration of existing fisheries and licensed sites, navigation, essential wildlife habitat, recreational use, riparian landowners, and ecologically sensitive flora and fauna (Maine Department of Marine Resources (DMR), 2019a). Thus, success in the lease application process requires working knowledge of the social and ecological systems connected to the proposed site. Careful site selection and evaluation are critical to ensuring a smooth application process.
Maine's tiered system for aquaculture agreements has facilitated the expansion of seaweed aquaculture in the region. In the spring of 2019, there were 189 LPAs and 23 standard or experimental leases approved for marine seaweeds within Maine state waters (Maine Department of Marine Resources (DMR), 2019b, 2019c). However, many of the LPAs may be purely speculative at this time. LPAs and leases approved for marine seaweed cultivation are widely distributed along the State's coast and in two areas of higher concentration: Casco Bay and the Damariscotta River (Fig. 2) .
Analytical approach and data survey
Kelp aquaculture is a practice that leverages biology and ecology within a social, economic, and political context. Thus, identifying the human and natural components of the broader kelp aquaculture system is required to properly evaluate its sustainability (Liu et al., 2007a; Whitney et al., 2017) . The organizational, temporal, and spatial interactions occurring between the components are equally important (Liu et al., 2007b; Pulver et al., 2018) . Industry observation, along with data collected through four focus groups and 24 semi-structured interviews with industry participants, regulators and extension staff, provided the data used to determine the physical and social components of kelp aquaculture.
The scope of this study was limited to activities and relationships directly tied to the farming of raw kelp. Buyers of raw kelp, primary and secondary kelp processing facilities, buyers and retailers of kelp products, consumers of kelp products, and vertically-integrated business models rest outside the scope of this evaluation. We inserted the human and ecological relationships connecting each physical or social component to generate a conceptual model of kelp aquaculture in Maine (Fig. 3 ). These causal relationships were classified according to the EAA principle that best defines the relationship. The principles have been abbreviated as 1) Ecosystem Services, 2) Social Justice, and 3) Activity Integration.
Then, the conceptual model representing the kelp aquaculture system was used to identify and describe stakeholders in the production of farmed kelp (Fig. 4 ). Together the list of stakeholders and conceptual model were used to evaluate the relevance of the FAO's identified common issues and impacts of aquaculture for kelp farming (Fig. 5 ). If an FAO-listed issue or impact was determined applicable to kelp aquaculture in Maine, we used the associated EAA guiding principle in combination with peer-reviewed literature and information from the industry observation, focus groups, and interviews to propose actions addressing the potential concern.
The FAO technical report on the Ecosystem Approach to Aquaculture (2010) lists the most common ecological and social impacts associated with aquaculture systems (Fig. 5 ). Both positive and negative impacts are considered, and the impacts are sorted according to whether they are inputs or outputs in the aquaculture system. The FAO's list was developed primarily considering fed aquaculture (e.g., fed finfish and shrimp culture) and not seaweed aquaculture. Thus, there is a need for careful assessment of the appropriateness and applicability of these stated impacts for kelp aquaculture. The aforementioned conceptual map and stakeholder list were both used in this evaluation. If an FAO potential impact was identified as not applicable to kelp aquaculture in Maine (white boxes in Fig. 5 ), then a justification for this decision is provided in thesubsections of this article. Conversely, if an FAO potential impact is relevant to kelp aquaculture in the Americas and Europe (light grey boxes in Fig. 5 ), the nature of the concern is described in the appropriate subsection. A precautionary approach is especially warranted when evaluating an emerging industry. The EAA guidance also emphasizes precautionary measures (Food and Agriculture Organization (FAO), 2010). As such, each potential impact is considered at a coastline-scale (i.e., multiple kelp farms) and with the expectation that the industry will continue to grow rapidly. The common issues and impacts are presented and discussed in order of appearance (left to right).
Results
Potential input impacts of kelp aquaculture
Possible input impacts are grouped under the categories of water, land and coastal habitats, seeds, and feeds ( Fig. 5 ).
Water
The production of farmed kelp has little consumptive freshwater use. In the nursery phase, minimal freshwater is used to rinse tanks during water changes. Inland nurseries using artificial seawater require additional freshwater as the solvent in the seawater preparation. This water need is equivalent to the size of the aquarium, typically 100-500 L, but it can be sterilized and recirculated. Inland nurseries using pumped and filtered seawater have similar rates of saltwater consumption. During grow-out, all water use is by definition non-consumptive.
Land and coastal habitats
The FAO concerns regarding negative impacts to land and coastal habitats vary in their applicability to kelp aquaculture. Land salinization, the first concern listed, is associated with inland aquaculture of marine and estuarine organisms and does not apply to marine kelp aquaculture. The potential for physical habitat degradation and associated biodiversity losses, productivity declines, and protection services lost are relevant to kelp aquaculture. These potential impacts are associated with the possibility of marine mammal entanglement in the longlines, the mooring system, and seafloor shading at shallow farm sites. The FAO does not list potential positive impacts to habitat resulting from aquaculture. However, preliminary work suggests that some seaweed farms can have higher marine species richness and abundance than wild kelp farms or nearby areas without aquaculture.
The possibility of marine mammal entanglement in kelp longlines is an emerging concern among stakeholders in kelp aquaculture. For instance, habitat for the endangered North Atlantic right whale, Eubalaena glacialis, extends along the Maine coastline (Kraus et al., 2005; NOAA, 2016) . Entanglement in non-mobile fishing gear has historically been one of the primary causes of individual mortalities (Kraus et al., 2005; NOAA, 2016) . No case of entanglement in kelp longlines has been reported, but the concern for possible marine mammal entanglement will be amplified as a growing number of kelp farms are deployed. Risks of right whale entanglement are also expected to increase as kelp farms expand in size or move further offshore.
Localized impacts to the benthos could potentially result from moorings used to secure the longline or bottom-shading by kelp grown in shallow waters. The permitting process in the State of Maine, by way of USACE, requires eel-grass delineation and also considers the potential loss of any benthic vegetation (Maine Department of Marine Resources (DMR), 2019a, 2019b, 2019c; U.S. Army Corps of Engineers (USACE), 2015). As a result, most farms are sited above sand or mud substrate where marine life is less abundant or diverse. Mooring chain scour can cause a small loss of physical habitat, but the tension through the longline system keeps the mooring chain and line from rotating. The impact on the benthos is less than the disturbance caused by a small boat mooring. Another concern is that shading from large-scale seaweed farms could affect primary production or other ecosystem dynamics (Stvant et al., 2017) . Seafloor shading has been associated with decreased heterogeneity in subtidal communities in estuaries and the nearshore environment (Glasby, 1999; Miller and Etter, 2008) , where kelp aquaculture is predominately sited. Impacts of shading are likely negligible for kelp farms installed at sites where the seafloor is deeper than the euphotic zone. Similar to concerns with marine mammal entanglement, the potential impacts to the benthic habitat are primarily related to the size of an individual farm and the density of farms along the coast.
A few studies have investigated the positive habitat contributions from seaweed farming. A study on the coast of Ireland found different species assemblages and higher species richness in the holdfasts of suspended kelp farms when compared to wild kelp beds (Walls et al., 2016) . On the Pacific and Caribbean coasts of Costa Rica, the waters around cultivated Codium sp, Graciliaria sp, Sargassum sp, and Ulva sp plots had a significantly higher number of fish species and individuals than areas without aquaculture (Radulovich et al., 2015) . These initial studies are promising, yet more research is needed to fully understand the extent to which seaweed installations can serve as robust marine habitat. For example, little is known about how harvesting at the end of the season, effectively complete removal of the cultivated kelp canopy, influences the fauna shown to congregate around the farms (Wood et al., 2017) . More studies are also needed to understand how much variation occurs between regions and seaweed species.
Seeds
Efforts towards laboratory-based sorus management and induction are underway, but the Maine kelp aquaculture industry is presently reliant on wild kelp beds as the source of reproductive tissue for seed . Consequently, concerns related to seed production for kelp aquaculture include potential over-harvesting of wild sorus tissue and the spread of parasites or non-indigenous hitchhiker species. These ecological concerns are further accentuated by the lack of studies examining existing or prospective biodiversity losses, productivity declines, and protection services lost or gained as the result of kelp farming.
Wild kelp is a perennial primary producer and foundation species providing habitat and food that structures community composition in the rocky intertidal (Christie et al., 2009; Lüning 1990; Steneck et al., 2002) . Epiphytic algae, gastropods, amphipods, sea urchins, sea stars, and fish inhabit kelp beds (Steneck et al., 2002) . These, in turn, become food for large crabs, lobsters, carnivorous fish, and other predators (Steneck et al., 2002) which are often consumed by humans. Therefore, seemingly small changes to the structure or genetic makeup of the wild population could cause reverberations throughout the ecosystem. Decreased abundance in another intertidal foundation species has led to community composition shifts in the Gulf of Maine (Sorte et al., 2017) . These impacts could ultimately affect the marine food web structure and the coastal ecosystem's ability to provide supporting services for marine organisms and humans. A change in wild kelp populations would also directly affect wild kelp harvesters. Indirect impacts could reach wild coastal fisheries which provide an essential source of protein for human consumption and a source of income for marine fishermen.
Currently, sorus tissue harvesters access and trim reproductive kelp from natural beds at low tide. Bycatch is not a concern because they can selectively trim their target species. Some harvesters remove only half of the blade and leave the rest to grow back. The ecological risk associated with wild sorus harvesting lies in the potential for over-harvesting quantities of sorus tissue that might impact the natural lifecycle of the organism or the longevity of the kelp community. Historically, targeting exclusively reproductive individuals has had drastic consequences for continued success in reproduction and recruitment of the species (Sadovy and Domeier, 2005; Sala et al., 2001) . The maximum annual harvest of sorus is not established, and thus, the responsibility for sustainable practices rests with the harvesters. The Maine Seaweed Council (MSC) recommends that no more than 30% of the biomass, based on assessment at the beginning of the harvest, should be removed from a single S. latissima kelp bed each year (Maine Seaweed Council (MSC), 2014). The amount of sorus tissue currently collected for kelp farming is minimal compared to kelp biomass removed by wild Ecosystem Services Social Justice Activity Integration Fig. 3 . The human and environmental relationships supporting kelp aquaculture. Relevance to Ecological Approach to Aquaculture guiding principles (FAO 2010) is indicated as 1) Ecosystem Services (solid blue lines), 2) Social Justice (dotted yellow lines), and 3) Activity Integration (dashed red lines). Directional arrows depict a chain of events or decisions associated with each factor. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) harvesting and winter storms. Nevertheless, as observed in the Maine urchin fishery, there is a risk of fishery collapse when industry growth outpaces regulations (Johnson et al., 2012) .
The EAA recommends applying the precautionary approach when ecosystem resilience or thresholds are unknown (Food and Agriculture Organization (FAO), 2010). Sorus tissue harvesting in Maine falls into this category. As more individuals enter the industry, it is plausible that sorus tissue could be harvested at a rate impacting natural replenishment or juvenile sporophyte recruitment. If replenishment or recruitment is substantially reduced, it will negatively affect the biodiversity and productivity of wild kelp beds. The marine organisms that inhabit the kelp beds and people that rely on them will also be impacted.
Seaweed aquaculture also has the potential to unintentionally spread parasites or introduce non-indigenous species to new regions (Cottier-Cook et al., 2016; Skjermo et al., 2014) . The current methodology employed to produce kelp seed in Maine encourages cleaning of sorus tissue with a razor blade, Betadine-R solution at 5 mL/L, and a series of rinses with sterilized seawater (Flavin et al., 2013; Redmond et al., 2014) . This methodology is designed to remove epiphytic algae and attached organisms like ciliates and bryozoans (Flavin et al., 2013; Redmond et al., 2014) . If some of these species survive the nursery procedures, they could be introduced into a new region when kelp seed is deployed at the start of a growing season. Currently, no sanitary regulations exist for kelp seed production in Maine.
Feeds
No added feeds are used in kelp farming. Kelp is an autotroph able to use energy from the sun, carbon dioxide, oxygen, and nutrients to grow. Most of the FAO concerns with aquaculture feeds are not applicable to kelp farming, with the exception of the potential impact on marine ecosystem productivity. This impact could be either positive or negative.
It has been proposed that kelp farms installed in nutrient-poor areas may have a negative impact on marine ecosystem productivity (Wood et al., 2017) . The farmed kelp can compete with other marine algae and plants for dissolved nutrients and minerals (Wood et al., 2017) . No detrimental effects on marine water conditions have been reported around small and dispersed farms currently established in Maine. Nevertheless, this potential impact should be considered as kelp farming intensity increases along the coastline. For instance, severe nutrient limitation has been documented in areas with intensive seaweed cultivation, such as Korea and Japan Shim et al., 2014; Zhang et al., 2004) .
Contrariwise, kelp farming activities may positively influence marine ecosystem productivity when used as a bioextraction, or bioremediation strategy. This approach exploits the metabolic needs of kelp to intentionally remove excess nutrients or carbon dioxide in nearshore waters experiencing nutrient pollution, ocean acidification, and carbonate limitation (Chung et al., 2011; Duarte et al., 2017; Krause-Jensen and Duarte, 2016; Rose et al., 2014 Rose et al., , 2015 . Studies regarding the nitrogen bioremediation potential and the degree of photosynthetically-driven carbon dioxide assimilation of kelp aquaculture in Maine are in progress. Meanwhile, findings from other species and regions help to characterize the potential benefits. Studies from nearby Connecticut, USA, show that S. latissima farms can address eutrophication by removing 38 to 180 kg of nitrogen hectare −1 at the time of harvest (Kim et al., 2015) . In China, harmful algal blooms (HABs) along the coast have been effectively mitigated by large-scale cultivation of the red algae G. lemaneiformis and P. yezoensis (Wu et al., 2015 Yang et al., 2015a Yang et al., , 2015b . At a farm-level scale, the localized alkalization offered by seaweed is thought to be beneficial for both corals and shellfish using calcification to make shells (Branch et al., 2013) . With regards to carbon sequestration, it has been estimated that the world's seaweeds could potentially sequester a range of 61 to 268 Tg C yr −1 through export to the deep sea or burial in coastal sediments (Krause-Jensen and Duarte, 2016) . The high end of this range is more carbon burial than salt marshes, mangroves, and seagrasses combined (Duarte et al., 2013) .
Potential output impacts of kelp aquaculture
Output impacts are grouped by the categories of food and seeds, income, excessive nutrients and organic matter, escape of farmed organisms, and chemicals ( Fig. 5 ).
Food and seeds
Kelp aquaculture can have a positive impact on food security. The practice offers direct benefits to food security when kelp is used as food for humans. It indirectly benefits food security when used as a livestock feed, fertilizer, an input in aquaculture systems, or for fisheries enhancement. These contributions, combined with negligible needs for freshwater or arable land, make kelp aquaculture an increasingly attractive method for providing food for a growing global population.
Farmed kelp can contribute to the protein and energy requirements of both humans and livestock (Morrissey et al., 2001; Makkar et al., 2016) . Kelps are a source of carbohydrates, fiber, vitamins (A, B, and B-12), minerals (iron, iodine, potassium, calcium), and omega-3 longchain fatty acids (Food and Agriculture Organization (FAO), 2018; Morrissey et al., 2001) . Beyond basic nutritional requirements, there is also evidence that alginates derived from brown seaweeds can have ample benefits for human gut health (Brownlee et al., 2005) . Some brown seaweeds have bioactive compounds that could be used in small doses as prebiotics for ruminants and other livestock (Makkar et al., 2016) .
Research into appropriate serving sizes and bioavailability of these nutrients for humans and other organisms is imperative. In a similar manner to plants, seaweeds assimilate inorganic elements like arsenic, iodine, and other minerals from their surrounding environment (Graham et al., 2016) . Thus, more guidelines for serving size are needed. Biorefinery studies (i.e., application of enzymes) to increase the bioavailability nutrients or remove unwanted minerals from kelps (Schiener et al., 2017) would also be helpful. Advancements in both arenas will further validate the potential for farmed kelp to contribute to food security.
Seaweed installations can make indirect contributions to food security by enhancing fisheries productivity and output efficiencies of other aquaculture operations. The longlines may provide habitat and food for wild organisms (see subsection 3.1.2) or cultured organisms. For example, in Chile and on the West Coast of the United States, wild Macrocystis pyrifera is harvested to feed cultured abalone (Camus et al., 2019; The Cultured Abalone Farm, LLC, 2015) . In the future, this biomass could come from aquaculture (Camus et al., 2019) . Additionally, kelp farms may offer localized alkalization of coastal water benefitting wild and cultured shellfish growth (subsection 3.1.5). The extractive properties of seaweeds have also been shown to mitigate the potential impacts of animal excrement when used in integrated multi-trophic aquaculture (IMTA) systems (Troell et al., 1999a (Troell et al., , 1999b (2010). The potential issues and impacts are organized by category (dark grey boxes). Light grey boxes denote issues and impacts that are applicable to kelp aquaculture. White boxes signify issues and impacts that do not apply to kelp aquaculture. Plus signs indicate positive impacts and minus signs represent negative impacts.
Income
Kelp aquaculture is an accessible marine livelihood that can supplement or replace income from existing ocean foods production. Smallscale kelp farming requires little capital investment, which makes it more realizable to newcomers than other forms of aquaculture. In Maine, the equipment cost for a 122-meter longline is less than US $1000 (T. Olson, pers. comm., 2016) . Collaborative relationships between industry, researchers, and extension agents have also played an instrumental role in supporting new entrants to the industry. Of particular note are the numerous, free or low-cost, educational resources available to prospective kelp farmers. The Kelp Farming Manual (Flavin et al., 2013 ) is a digital document providing detailed guidance for site selection, farm equipment, and nursery techniques. The New England Seaweed Culture Handbook, Nursery Systems (Redmond et al., 2014) focuses on the biology, cultivation methods, and cultivation systems for kelp and three other seaweeds. It is also available online. In addition to these print resources, many nonprofit organizations and academic institutions have provided workshops in culturing techniques and business management for prospective kelp farmers. In Maine, Coastal Enterprises Inc. (CEI), Island Institute, Maine Sea Grant, Maine Seaweed Exchange, and University of Maine Cooperative Extension have all offered classes or workshops on topics related to seaweed aquaculture.
Thus, market issues, perhaps more than grow-out technology, most threaten the economic viability of kelp farming. Substantial market development is still necessary for American and European growers (Bjerregaard et al., 2016; Skjermo et al., 2014) . On a global scale, seaweeds and their derivatives are used in food products, animal feed, pharmaceuticals, beauty products, biofuels, and agricultural products (Food and Agriculture Organization (FAO), 2018; Graham et al., 2016) . However, almost all kelp farmed in Maine is used in food products (i.e., kelp noodles, kelp puree, kelp spice mix) because individual farmers struggle to access larger purchasers or have chosen to integrate vertically (Griffin and Warner, 2017) . Better access and competitiveness within existing markets, and the creation of new markets, will help to solidify kelp aquaculture as an alternative or supplemental livelihood.
Excessive nutrients and organic matter
Kelp is a non-fed organism. Thus, kelp farming has no tangential impacts of excess feed or feces on the surrounding water quality. Kelp does produce a small amount of water and oxygen as the byproducts of photosynthesis. However, both water and oxygen are readily incorporated by saltwater, so the direct byproducts of seaweed cultivation are not of ecological concern. On the contrary, the byproduct oxygen from seaweed farms has been understood to provide the ecosystem service of oxygenation .
There is some concern that organic matter sloughed or dislodged from kelp farms could have a negative environmental impact. There can be a loss of organic matter from the farm during winter storms or due to natural blade erosion. Sloughing of material from wild kelp beds is generally understood to be a positive contribution to secondary production (Krumhansl and Scheibling, 2012) . Nonetheless, it has been suggested that sloughed cultivated kelp could contribute to nutrient over-enrichment or the de-oxygenation of sediments if a sizeable amount were to settle on the seafloor (Skjermo et al., 2014) . This risk applies mostly to areas with low water exchange rates or naturally abundant algae. Ultimately, further investigation into the fate and quantity of biomass leaving kelp farms is needed to fully evaluate the potential impacts of this organic matter (Skjermo et al., 2014) .
Escape of farmed organisms
The FAO presents concerns that farm escapees could prey on, or compete with, wild organisms in the farm vicinity. The concern of predation does not apply because kelp is an autotroph, but the threat of competition with wild organisms is still valid. If cultivated kelp enters its reproductive phase, the sorus tissue or released zoospores can be carried by ocean currents to areas where they might compete for habitat or interbreed with wild kelp. Uncontrolled, this potential cropto-wild gene flow could lead to loss of genetic diversity, the transmission of diseases to wild kelp populations, and an overall decline in ecosystem resilience (Buschmann et al., 2017; Cottier-Cook et al., 2016; Hutchings and Fraser, 2008) .
The risk of decreased genetic diversity resulting from crop-to-wild gene flow is highly related to industry seed production strategies. Currently, a small amount of reproductive tissue, generally from 1 to 3 mature individuals, is used to produce billions of spores (Flavin et al., 2013; Redmond et al., 2014) . This renders enough seed for multiple small kelp farms. As a result, the organisms on an individual farm have a similar genetic composition. If these individuals reach maturity, they will release gametes into the surrounding ecosystem that could outcompete or replace wild gametes. Then, over time, the local kelp populations could experience genetic erosion trending towards a genetic makeup similar to that of the farmed species.
Genetic diversity in a population is correlated with disease resistance (Gjedrem, 2005) . Therefore, the current seed production methods used in Maine may leave kelp more susceptible to disease. Industry-wide disease outbreaks in cultured Pacific white shrimp (Litopenaeus vannamei) and Atlantic salmon (Salmo salar) demonstrate the potential impacts of limited breeders and inbreeding practices (Cottier-Cook et al., 2016; Doyle, 2016; Luvesuto et al., 2007) . Intensive culture of the red seaweeds Kappaphycus alvarezii and Eucheuma denticulatum in Asia and Africa have also been significantly affected by ice-ice and other diseases which are presumed to be the result of low genetic variation in cultured stocks (Hafting et al., 2015; Halling et al., 2013) . Several diseases have been observed in cultivated Saccharina japonica, a close relative to S. latissima, which is intensively cultivated in Asia. These include rot disease, twisting disease, and blister disease, which are believed to be environmentally induced (Getchis, 2014; Tseng, 1986) . Stipe blotch and dark spot disease have also been observed in S. japonica and believed to result from interactions with marine bacteria or fungi (Getchis, 2014; Tseng, 1986) .
It remains uncertain whether the aforementioned diseases will appear in Maine or other parts of the Americas and Europe (Getchis, 2014) . As with many of the potential output impacts, disease risks will become more relevant as the scale of commercial cultivation increases (Buschmann et al., 2014) . In the face of uncertainty, the precautionary principle should be applied. A kelp-disease outbreak could be devastating to the Maine kelp industry and associated human communities. It also poses considerable risk to wild kelp populations.
Chemicals
Current kelp aquaculture practices exclude the application of chemicals to the farmed area or surrounding marine environment. Therefore, additional concerns listed under this category are not applicable.
Discussion
Long-term ecological and social sustainability is vital to the continued growth and success of kelp farming. The strategy and principles of the Ecosystem Approach to Aquaculture can be used, in combination with lessons learned from other industries, to proactively address the relevant concerns presented above. Recommendations for practices, research, and resource management to address the potential impacts of kelp aquaculture are presented below. The recommendations are grouped by EAA principle providing the most considerable guidance (Table 1) . Stakeholders connected with each recommendation are also listed.
Recommendations Using EAA Principle of Ecosystem Services
The first principle of the EAA advises that aquaculture planning and development should not threaten ecosystem functions or services (Food and Agriculture Organization (FAO), 2010). This principle rests on the assumptions that ecosystems provide services benefiting living beings and humans are an integrated part of ecosystems. Multiple high-priority actions can be undertaken to bring kelp aquaculture in Maine into greater alignment with the principle of Ecosystem Services. These recommended actions are: 1) define ecosystem and management boundaries, 2) assess ecosystem services and environmental carrying capacity, 3) pursue ecologically and socially considerate engineering and siting, and 4) protect health and genetic diversity of wild kelp beds.
Define ecosystem and management boundaries
Defining the ecosystem and management boundaries for kelp aquaculture will work to prevent habitat degradation and associated biodiversity losses, productivity declines, and impacts on local communities and other users. This effort will facilitate monitoring and more targeted use-designations according to the biophysical conditions of the region. The marine commons frequently experiences mismatches between ecosystem and management scales, but socio-ecological systems that share the same ecosystem and management boundaries have higher chances at sustainability (Berkes, 2006) . Defined management boundaries can also help to limit potential competition with wild kelp, crop-to-wild gene flow, and the transmission of diseases. Additionally, this action addresses the risk of overfishing for wild seeds by providing a framework for regional oversight of sorus tissue collection. Stakeholders connected with this recommendation include kelp farmers, wild seaweed harvesters, recreational boaters and fishermen, commercial fishermen, existing shellfish aquaculture, state regulatory agencies, federal regulatory agencies, harbormasters, educational groups, environmental groups, advocacy groups, interveners, towns, and coastal property owners.
Specific zones for sorus tissue harvesting could be defined using a variety of methods ranging from low to high levels of required effort and expense. The presence or absence of S. latissima or A. esculenta could be used to determine the bioregions. Either existing observations, historical records, or some combination of both could be employed. Using existing datasets would produce a relatively inexpensive assessment if done at a bay scale. A more sophisticated approach would be to model and analyze the direction and velocity of currents, which facilitates the movement of spores, using studies of wild kelp spore dispersal as a baseline. At least one spatial predictive probability model of potential spore distribution has been developed by combining field-measured geophysical attributes with modeled variables (Bekkby and Moy, 2011) . A study in support of this approach found that the connectivity of kelp beds (Ecklonia radiata) in Australia varies according to the strength of boundary currents (Coleman et al., 2009) . The most comprehensive method for defining the bioregions, although quite costly, would be to conduct and use a detailed analysis of the wild kelp population structure. For example, along the relatively linear coast of California, a genetic distance-based model showed that habitat continuity and geographic distance played critical roles in population structure and gene flow (Alberto et al., 2010) . This effect may be amplified along Maine's highly rugose coastline.
Urgent explication of management boundaries will also inform seedstock guidelines and localization of strain selection. Genetic and population structure studies on macrophytes in the Northwest Atlantic have been sparse. However, a fine-scale structure assessment of S. latissima in eastern portions of the state was recently completed (Breton et al., 2018) . This study found overall low genetic diversity but did note significant fine-scale structuring of populations along portions of Maine's somewhat continuous eastern coastline (Breton et al., 2018) . Moreover, the most considerable genetic difference was observed between two populations separated by a small geographic distance. These findings suggest that the driving factors influencing the interconnectivity of Maine's sugar kelp populations are dynamic and not entirely explained by location. As a first step towards bioregional seedstock guidelines, seaweed nurseries could commit to only using genetic strains and reproductive material collected from the same bioregion as the farm site .
Assess ecosystem services and environmental carrying capacity
Further quantifying the ecosystem services and environmental carrying capacity associated with kelp aquaculture will lessen the potential for habitat degradation and associated biodiversity losses and productivity declines. It will aid in the establishment of an evidence-based limit for aquaculture expansion. Such efforts will also further understanding of the interactions between kelp farms and productive fisheries. Increased knowledge of the ecosystem services offered by kelp farms will allow for more strategic placement of farms to maintain and enhance biodiversity, ecosystem productivity, and income. Stakeholders connected with this recommendation include kelp farmers, wild seaweed harvesters, recreational boaters and fishermen, commercial fishermen, existing shellfish aquaculture, state regulatory agencies, federal regulatory agencies, harbormasters, educational groups, environmental groups, advocacy groups, interveners, towns, and coastal property owners.
The term environmental carrying capacity refers to the ability of ecosystem services to tolerate a particular activity without unacceptable impact (Group of Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP), 1986). Environmental carrying capacity assessment is a core tenet of the EAA principle of Ecosystem Services. The scale at which environmental carrying capacity evaluation occurs should be a function of the features or resource services targeted for protection (i.e., estuary, bay, or basin-wide). Therefore, careful delineation of ecosystem and management boundaries (subsection 4.1.1) is the first step to assessing environmental carrying capacity. Resource managers and policymakers should use best available science to delineate these ecosystem and management boundaries.
Once the boundaries are established, the ability of each designated region to support kelp farming activities should be assessed. Kelp farming occupies physical space in the ecosystem and also requires dissolved carbon, nitrogen, phosphorus, and trace metals. There is a need for regional studies exploring the origin and availability of these Table 1 Recommendations for new actions, research, and resource management to further ensure the long-term sustainability of kelp aquaculture in the Americas and Europe. Recommendations were developed using the FAO's Ecosystem Approach to Aquaculture strategy and principles (2010). elements and nutrients. A greater understanding of regional water circulation and exchange is also important . More insight into the ecological interactions between the farms and other associated organisms is warranted. For example, little is known about the microbial communities associated with kelp farms, the degree of fish and invertebrate aggregation around these installations (Walls et al., 2017) , or the final destination of algal material sloughing from the degrading kelp tips. Information regarding the changes in planktonic ecosystems near kelp farms and the impacts of respiration by kelp farms during the night is also scarce.
An environmental carrying capacity assessment for the Gulf of Maine would include an evidence-based estimate of the maximum hectares of kelp farms that could be supported by each region without affecting any ecosystem services. One such effort concluded that a twohectare seaweed farm in Sweden had either a positive effect, or no effect, on the supporting (e.g., biogeochemical cycling, habitat), regulating (e.g., mitigating eutrophication), and provisioning ecosystem services (e.g., food) in the region (Hasselstrm et al., 2018) . This Swedish study serves as a useful starting point. Similar evaluations should be repeated in each region where kelp is cultivated. Regional repetition of studies will help to ensure that variations in geophysical and ecological processes are adequately captured.
A greater understanding of the ecosystem services provided by kelp aquaculture installations will foster social acceptance of the industry (Alleway et al., 2019; Rose et al., 2014) . Wild seaweed communities provide numerous ecosystem services, and many of these functions are also accredited to seaweed aquaculture installations (Chung et al., 2017; Millennium Ecosystem Assessment (MEA), 2005) . These include food provision, raw materials, biodiversity enrichment, increased habitat volume, provision of food and shelter, nutrient mitigation, wave attenuation, and carbon-dioxide removal (Chung et al., 2011; Duarte et al., 2013; Food and Agriculture Organization (FAO), 2003; Kim et al., 2015; MacArtain et al., 2007; Mork, 1996; Radulovich et al., 2015; Rose et al., 2010 Rose et al., , 2014 Rose et al., , 2015 Sondak et al., 2017) . New knowledge regarding the magnitude of these ecosystem services will further inform estimates for the equilibrium between increased kelp aquaculture and sustained health of the surrounding marine ecosystem.
Pursue ecologically and socially considerate engineering
The ecologically considerate engineering of aquaculture installations will ensure that kelp farms do not have unacceptable impact on other marine organisms. Avoiding impact on marine fauna will become increasingly important as the kelp industry grows and moves further offshore. Socially considerate engineering will minimize potential impacts to the viewsheds of local communities. Stakeholders connected with this recommendation include kelp farmers, recreational boaters and fishermen, commercial fishermen, existing shellfish aquaculture, state regulatory agencies, federal regulatory agencies, harbormasters, environmental groups, interveners, towns, and coastal property owners.
Minimizing opportunities for marine mammal entanglement is the most pressing issue not currently addressed by the regulatory process or BMPs. Gear modification has been proposed for various fisheries to reduce North Atlantic right whale entanglements in fishing gear. These measures have not been successful (Knowlton et al., 2012) , so there are few proven examples of gear modifications for the kelp industry to follow. Until effective modification for non-mobile gear is determined, kelp farmers can demonstrate effort towards preventing entanglement by ensuring that their farms are sited outside of critical habitat for the North Atlantic right whale (NOAA, 2016) . Due to the current LPA limits set by the Maine DMR, the most common longline length in Maine is 122 m. Farmers applying for a larger, full lease could maintain short longlines and provide passageways between longlines to facilitate marine mammal movement through the farm. Dispersed longlines may also reduce the possible impacts from seafloor shading at shallow sites and minimize benthic disturbance from the mooring system. Effects of seaweed farms on the benthos should be better researched and systematically documented (Stvant et al., 2017) so that siting criteria can be re-evaluated if substantial changes to farm size or density occur. Each of farm management strategies to reduce marine mammal entanglement, benthic shading, and mooring scour would also likely reduce the density of surface buoys. Consequently, the visual impact of kelp farming would be lessened for coastal landowners and other water users.
Protect health and genetic diversity of wild kelp beds
Best practices and continued scientific efforts to protect the health and genetic diversity of wild kelp beds will lessen the risks associated with the dislodgement of farmed kelp. Genetic impacts and the loss of genetic diversity have been pinpointed as critical challenges for aquaculture (Convention on Biological Diversity (CBD), 2011; Food and Agriculture Organization (FAO), 2010; United Nations, 2015). Specifically, Achi Strategic Goal B, Target 6 challenges that, by 2020, ecosystem-based approaches should be used for sustainable management and harvest of aquatic plants to reduce pressure on biodiversity (Convention on Biological Diversity (CBD), 2011). Defining bioregions for reproductive strain production, developing specific and disease-resistant strains, and building diverse seed banks can reduce the likelihood of disease outbreak and prevent related biodiversity and productivity losses. Modifying harvest of sorus tissue, developing regional sorus harvesting guidelines, and gravitation away from wild seed also preemptively address the threat of overharvesting wild sorus tissue. Stakeholders connected with this recommendation include kelp farmers, wild kelp harvesters, and environmental groups.
Establishing laboratory-based seedbanks will provide a reliable seedstock for the industry and reduce the impact of kelp aquaculture on wild kelp beds Redmond et al., 2014) . In Japan, reproductive tissue is sourced from farms kept solely for this purpose (Chen, 2006) . Direct sourcing of reproductive tissue from kelp farms in Maine is challenging due to the timing of sorus production. Kelp farms are harvested from March through May in Maine to avoid biofouling associated with warmer summer water. Sorus tissue availability is limited and highly variable during these months. A study conducted during these months, focused on wild populations of kelp in Long Island Sound, Connecticut, found that only 3-30% of individuals sampled were reproductive (Yarish and Penniman, 1990) . Photoperiod mediates sporangia production (Lning, 1988) , so farmed populations are expected to mirror the incidence of sorus production observed in wild populations growing in similar conditions throughout the region.
Many universities and research groups use laboratory-based kelp germplasm for research purposes (S. Lindell, pers. comm., 2019; Martins et al., 2017; Peteiro et al., 2016) . These practices have yet to be widely adopted by the kelp industry in Maine mostly due to inexperience, lack of instruments, and limited nursery facilities. In the meantime, a hybrid approach could be utilized. Methods have been developed to induce sorus tissue production in a laboratory setting by manipulating the photoperiod and mechanically preventing the transport of the sporulation inhibitors (Forbord et al., 2012; Pang and Lüning, 2004) . This technique can also be used to maintain year-round production of zoospores and sporophytes in nurseries (Forbord et al., 2012) . Efforts towards optimized species-specific protocols for cryogenic preservation of spores and gametophytes are also underway in Maine and Sweden (N. Price, pers. comm., 2019; Visch, 2018) .
Ultimately, creating an industry independent of wild sorus tissue sources will ensure the scalability and sustainability of kelp aquaculture . Developing specific kelp strains will allow farmers to have a reliable source of seed throughout the year while targeting specific crop characteristics. It may also provide more reliability regarding the morphometric attributes of the farmed product. Strain development offers the opportunity for novel product and intellectual property development . However, there remains a concern that cultivated strains originating from native genotypes could cross-hybridize with wild individuals. This effect has been studied in S. japonica by collecting wild kelp from an area with no seaweed cultivation and two cultivars from intensive seaweed culture in China and Japan (Liu et al., 2012) . Higher genetic diversity was observed in the wild kelp, and this was interpreted as an indication that domestication might be accompanied by decreased genetic diversity and a narrower germplasm base of cultivars (Liu et al., 2012) . In due time, sterile kelp strains could be developed to prevent crop-to-wild gene flow . Techniques for sterile-strain production of S. latissima are of interest to multiple research teams (Sjtun, 2017 , S. Lindell, pers. comm., 2019 .
Continued prospecting of nursery and grow-out strategies for other disease-resistant strains and previously uncultivated species is also essential. Intensive seaweed monoculture, or the widespread cultivation of a single species or strain, has been linked with disease (Hafting et al., 2015) . Just as in agriculture, diversified cultivation and crop rotation can interrupt disease cycles and help producers reduce and manage the risk of disease (Krupinsky et al., 2002) . Parallel work on both fronts is needed. Diversified cultivation, supported by the development of cultivation strategies for previously uncultivated species, may be within shorter reach than the establishment of disease-resistant strains. In Chile, for example, seeding and grow-out of two previously uncultivated Laminariales, Lessonia trabeculata and Macrocystis pyrifera, has been successful (Camus et al., 2018 (Camus et al., , 2019 . Voluntary dissemination of these methods, similar to the widespread sharing of seeding and grow-out techniques for S. latissima, will increase the resilience of the budding industry. As seen in other cultivated species, the establishment of disease-resistant strains and disease-free nurseries can also help to prevent crop damage (Hafting et al., 2015) . Disease-resistant strains will be vital to restocking efforts if crops are lost to disease (Cottier-Cook et al., 2016) .
Small changes to existing sorus tissue harvesting can help to protect the health of wild kelp beds until wild sorus tissue harvesting is no longer needed. For example, harvesters could commit to removing only half the thallus of an individual kelp sporophyte and leaving the rest to regrow. In Maine, a minimum cutting height requirement is already in place for rockweed, or Ascophyllum nodosum (Maine Department of Marine Resources (DMR), 2014). Ascophyllum physiology and harvesting practices are dissimilar from S. latissima and A. esculenta. However, the existing legislation sets a precedent that may result in more readily available social acceptance for a minimum cutting height BMP.
Recommendations using EAA Principle of Social Justice
The second EAA principle counsels that aquaculture activities should be equitable and improve human well-being (Food and Agriculture Organization (FAO), 2010). This principle assumes that educated stakeholders participating in a transparent process will make decisions that support maximum well-being (Food and Agriculture Organization (FAO), 2010). An additional perspective from a finer-resolution assessment of successful socio-ecological systems identified governance, decision-making, livelihoods, well-being, and adaption to current and future climate change as critical components for successful interactions in a marine-based socio-ecological system (Charles, 2012) . Maine's robust state aquaculture legislation means that governance and decision-making in the kelp industry are already highly transparent and aimed at providing maximum well-being. Therefore, the areas of most considerable improvement under the EAA principle of Social Justice include: 1) increase horizontal expansion, 2) share education in Best Management Practices (BMPs), and 3) develop climate change resiliency.
Increase horizontal expansion
Increasing horizontal expansion within the kelp industry will create more jobs and maximize the potential income generated by kelp aquaculture. Diversification of labor across multiple organizations at each step of the supply chain will also result in more stability around kelp production activities and provide opportunities for specialization. Independent kelp seed providers, or nurseries, are an example of a specialization that could occur within the supply chain. Improving the reliability of seed production and access will help to ensure that kelp farming is an accessible alternative to fishing. Stakeholders connected with this recommendation include kelp farmers, commercial fishermen, existing shellfish aquaculture, educational groups, and advocacy groups.
Diffusion and Innovation Theory (Rogers, 1962) explains how new ideas, practices, or products are adopted over time. Innovations are not readily accepted by the entirety of society, but rather, they "diffuse" through it gradually because individuals sit along a spectrum of riskseeking to risk-adverse (Rogers, 1962) . This theory can be used to anticipate new entrants to, and continued development of, the kelp industry. Kelp aquaculture has been promoted as an alternative or supplement to other ocean-based livelihoods (i.e., commercial fishing, shellfish aquaculture, tourism) (Lem, 2016; Redmond et al., 2014) . In Maine, kelp farming has already captured the innovators and early adopters. They comprise a small segment of the total population that sees the need for change, is willing to take the risk, and can serve as leaders (Rogers, 1962) . The limited, but successful, and vertically-integrated companies in the state are a testament to the work of innovators and early adopters (Engle et al., 2018) .
The early and late majorities are the much larger sectors of the population that need evidence of success before adopting an innovation (Rogers, 1962) . Adoption of kelp aquaculture by the early and late majorities will require more investment in seaweed production and processing systems (Bjerregaard et al., 2016) , post-harvest storage, distribution, and value-added product development. Creation of a robust primary market will also increase the attractiveness and sustainability of kelp farming as an alternative livelihood. Similarly, kelp seed production needs to become more predictable. Nurseries must be able to reliably supply large quantities of high-quality seed (Skjermo et al., 2014) . New entrants in the industry may have more specialized, targeted experience in automation and distribution that could be applied to kelp seed production. Alternatively, the formation of a nursery cooperative would help to improve the reliability of kelp seed in the region. Equipment, knowledge, and seeded line could be collectively shared and produced by the cooperative.
Expand and teach Best Management Practices (BMPs)
Industry-wide BMPs for seaweed harvesting, management, cultivation, and processing need to be developed quickly (Rebours et al., 2014) and in parallel with the expansion of American and European kelp aquaculture. The entrepreneurs, foodies, fishermen, and biotech companies entering the industry have varying levels of education in aquaculture, husbandry, crop management, and marine ecosystems. In the absence of unified industry standards, there is a risk that uninformed individuals could act in a manner than subjects an entire region or industry to economic or ecological risk. Dissemination and development of additional BMPs support new entrants to the industry and thereby promotes livelihood development. More specifically, widespread awareness and application of on-farm BMPs will address the potential transmission of diseases from cultivated to wild kelp. Educating growers on these same practices can also reduce potential crop loss from fouling or disease which would otherwise affect local businesses and communities developing around kelp aquaculture. Stakeholders connected with this recommendation include kelp farmers, wild kelp harvesters, educational groups, and state regulatory agencies.
An independent, neutral entity should develop a unifying list of BMPs for the nascent kelp industry. This entity could be a council, a non-profit organization, an industry alliance, or a growers' guild. This group is advised to confer an advisory board comprised of members from each stakeholder group (Fig. 4 ). It will be beneficial to consult terrestrial farmers and land managers as experts on transferrable crop and ecosystem management strategies. Maine has a history of collaborative decision-making via stakeholder advisory boards regarding the management of marine resources. For example, the salmon farming companies in Maine, recognizing impending threats to the ecological and social sustainability, penned the Finfish Bay Management Agreement through a neutral third party entity, the Maine Aquaculture Association (Maine Aquaculture Association (MAA), 2002). More recently, the Maine Legislature passed legislation requiring the development of a Fishery Management Plan (FMP) for rockweed (Maine Department of Marine Resources (DMR), 2014). A diverse stakeholder group comprised of industry, academic, and environmental organizations was convened by the Maine Department of Marine Resources who oversaw the FMP's development and Maine Sea Grant facilitated the meetings.
The advisory board would document existing BMPs and develop new ones. The board could also establish a centralized repository for this information. The Manual for the Identification and Management of Aquaculture Production Hazards (Getchis, 2014) provides a list of some BMPs that can help to reduce risk in seaweed aquaculture. Examples include selecting sites with sufficient current flow and nutrient levels, only out-planting during optimal growing conditions, and maintaining optimal densities to reduce fouling from epiphytes. Additional BMPs could be developed around this existing guidance.
Farmed seaweeds are at risk for diseases and severe fouling from epiphytes (Food and Agriculture Organization (FAO), 2017). In these two technical problems lie immediate opportunities for the industry to raise awareness and develop BMPs. Study of intensive seaweed cultivation in other parts of the world suggests that Maine will see an increased prevalence of disease and fouling in the future. Adopting BMPs from these established industries could help to prevent future crop loss or, in the case of a very severe outbreak, industry collapse. Some examples of BMPs specifically designed to prevent disease outbreak include preventing culture lines from touching the seafloor at low tide, planting and harvesting around settlement windows of planktonic herbivores, harvesting early, and optimizing culture conditions to prevent physiological stress (Cottier-Cook et al., 2016; Getchis, 2014; Walls et al., 2017) . In the event of a specific disease outbreak, necessary quarantine procedures will include keeping a log of environmental parameters, removing all visibly infected or unhealthy kelp, and preventing cross-contamination before sanitation (Cottier-Cook et al., 2016; Getchis, 2014; Walls et al., 2017) .
Once they are developed, it is imperative that the BMPs be effectively shared with all relevant stakeholders. Over the last decade in Maine, public-sector entities have provided education for prospective kelp growers through general aquaculture training programs (Island Institute, 2017; Maine Sea Grant, 2018) . However, these programs are not seaweed-specific, and the growth of the industry has outpaced them. More recently, a few fee-for-service and contract farmer-training options have been offered (see: Ocean Approved, Sea Greens Farms, and Springtide Seaweed). The benefit of new entrants paying for training is that they can learn about BMPs. However, the second principle of EAA mandates equal access for all stakeholders (Food and Agriculture Organization (FAO), 2010). Paid-training programs may exclude some potential entrants due to cost. Thus, they may not be the optimal pathway for educating stakeholders and industry members when other institutional resources are available. In Maine for example, the Maine Seaweed Council (MSC) is well-poised to draft and provide training on Maine-specific kelp aquaculture BMPs.
Develop climate change resiliency
The FAO does mention climate change as a potential concern for aquaculture in the 2010 technical guidelines. Almost ten years later, the imminent ecological and social impacts of climate change cannot be overlooked. The forecasted shifts in ranges and distributions of algae resulting from rising water temperatures and changes in ice cover, salinity, dissolved oxygen, and circulation are particularly relevant to aquaculture (IPCC, 2007) . More broadly, coastal development and pollution, combined with climate change impacts, will also create increased stress on coastal communities and habitats (IPPC 2007) . Consideration of climate change impacts in integrated planning and development stages will increase the capacity for stakeholders to adapt to them (IPCC, 2007 (IPCC, , 2014 Whitney et al., 2017) . Developing climate change resiliency within the budding kelp aquaculture industry will help to ensure that farmed kelp can contribute to food security despite a changing climate. Further efforts towards temperature-tolerant strain development can uphold kelp aquaculture as a marine-based livelihood in warmer water. Stakeholders connected with this recommendation include kelp farmers, wild seaweed harvesters, recreational boaters and fishermen, commercial fishermen, existing shellfish aquaculture, state regulatory agencies, federal regulatory agencies, harbormasters, educational groups, environmental groups, advocacy groups, interveners, towns, and coastal property owners. Each stakeholder in kelp aquaculture is likely to experience impacts of climate change, but the degree and timing of the impact remain unknown.
The forecasted changes in water temperatures pose a threat to the cultivation of S. latissima and A. esculenta that rely on cool water . Ambient water temperature affects recruitment, photosynthesis, growth, and reproduction of seaweeds (Lning, 1988 (Lning, , 1990 Wiencke et al., 1994) . Studies of S. latissima and A. esculenta gametophyte survival under high temperatures show a switch from reproduction to vegetative growth with increasing water temperature . These findings suggest that more southern kelp populations may be negatively impacted by the forecasted warming . Increased water temperatures could also affect the beneficial microbiome associated with the organisms. For instance, a study of the red alga Delisea pulchra showed that increased water temperatures could negatively affect the holobiont, or microbes living on the alga, that provide chemical defenses against disease (Harder et al., 2012) .
Recent observations show that the Gulf of Maine is warming faster than 99% of the global ocean (Pershing et al., 2015) . Research into culture and grow-out techniques for temperature-tolerant strains of kelp has been prompted by the observed and projected warming in the Gulf of Maine. Recently, laboratory protocols for producing temperature tolerant strains of A. esculenta were developed (C. Quigley, pers. comm., 2018) . This development is an excellent first step in climate change resiliency for the industry because A. esculenta appears to be more temperature constrained than S. latissima . High-temperature tolerant strains for S. latissima are a high priority for research due to the prolific cultivation of this species and they are likely to be available soon. In Korea, they have employed selective breeding technologies to develop two temperature-tolerant strains of Saccharina japonica (Hwang et al., 2018) . In addition to tolerating higher seawater temperatures, these strains also performed well in strong wave action and yielded more biomass than the control algae (Hwang et al., 2018) .
More basic physiology experiments, culturing-method development, and grow-out assays will also help to improve the industry's climate change resiliency. Insufficient knowledge of seaweed biology, physiology, and reproduction is a significant hurdle for large-scale commercialization of seaweed aquaculture in Chile (Buschmann et al., 2017) . This paucity is also highly evident in Maine. Efforts in each of these research tracks will support crop diversification and increase the adaptive capacity of the industry to respond to the potential consequences and opportunities resulting from climate change.
Recommendations using EAA Principle of Activity Integration
The third principle of the EAA instructs that aquaculture development should be integrated with other sectors and management efforts (Food and Agriculture Organization (FAO), 2010). The FAO further conveys that this can be achieved through multi-sectoral, or integrated planning and management. Indeed, case studies and conceptual modeling from across the world demonstrate that conservation is more successful if the users of shared environmental resources are also linked together socially (Bodin et al., 2014) . With the development of kelp aquaculture in Maine, there are now multiple users of wild kelp beds. Therefore, one of the most straightforward actions to reconcile kelp aquaculture within the existing use of the resource is to integrate the management and planning of kelp harvesting.
Integrate kelp aquaculture and kelp harvesting into a seaweed management plan
This recommendation addresses the potential overharvesting of wild sorus tissue by consolidating requests for, and records of, all kelp harvesting. More comprehensive management of wild kelp beds ensures the viability of wild kelp harvesting as an economic livelihood. Harvesting BMPs and zonation of sorus harvesting areas will also protect the seed source for future research and industry development. Stakeholders connected with this recommendation include kelp farmers, wild kelp harvesters, and state regulatory agencies.
With the growth of kelp aquaculture, the need for more comprehensive monitoring and management of natural kelp beds is increasingly important (Buschmann et al., 2013; Frangoudes 2011) . Similar to many other kelp farming regions, Maine has an existing fishery in which harvesters collect mature S. latissima, A. esculenta, and L. digitata sporophytes by hand. Harvesters in the wild kelp fishery are required to keep and report detailed effort and landings records, including area harvested, seaweed species, and biomass landed (Maine Department of Marine Resources (DMR), 2015). However, recreational harvest rules in Maine allow harvesting of ≤22.6 kg of seaweed per day without a license. Sorus tissue harvest can go unreported because the amount of tissue required for kelp nursery operations is usually much lower (see subsection 2.1) than the reporting threshold. Under reporting of wild tissue harvest renders effective monitoring and sustainable management of the fishery more challenging.
An integrated kelp management plan can support the development of the cultivated kelp industry while providing more protection for the natural kelp beds. In such a plan, individuals or companies harvesting wild sorus tissue for seed stock production would be held to the broader management regulations for the seaweed fishery. Integrated management for all interactions with wild kelp beds will, at a minimum, allow regulators to track effort, quantity, and spatial distribution of sorus harvest. This data can be integrated into the broader fisheries management plan for seaweeds. Ecological indicators like density, biomass, recruitment, and population structure could be used to link regions with different harvesting regimes under a co-management effort . Informed and integrated management is needed to ensure the sustainability of wild kelp beds and the livelihood of both kelp farmers and wild kelp harvesters.
Conclusion
Approximately 58% (25) of the 43 potential issues and impacts originally described by the FAO working group in the EAA document are relevant to kelp aquaculture. Thus, most of the strategy and principles of the EAA can be used to establish protocols and actions to promote the ecological and social sustainability of the nascent kelp industry. The concerns and recommendations described in the present study address ecological, social, and management aspects of kelp production. The major ecological concerns are the alignment of management and ecosystem boundaries and the potential impact to the wild kelp beds from seed sourcing and transfer of species beyond natural limits. Best Management Practices applied at key leverage points within the system would help the kelp industry to address many of the relevant ecological concerns. Low barriers to entry and rapid growth of the industry are the leading factors accentuating potential social conflicts. Recommendations to address the social sustainability of the industry are focused on the development of BMPs and the education of stakeholders to accept them, increasing horizontal expansion, and the development of climate-change resiliency. It is also recommended that kelp aquaculture and sorus harvesting activities be integrated into a broader fishery management plan for seaweeds.
The assessment and recommendations developed with the focus on the Maine kelp industry are believed to be applicable to other kelp industries in the Americas and Europe. Some adaptations will be necessary to fit the practices, ecosystems, and attitudes of the different kelp-producing countries and latitudes. Further studies in other regions where kelp farming is starting are necessary to establish a general and predictive model for development of this nascent industry.
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